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We show how by careful monitoring of the inspiral signal from a compact object binary in ground-
based gravitational wave (GW) detectors one can test if its components are black holes or not. Here
we limit ourselves to black holes (with and without spin) in General Relativity. Such objects are
characterized by horizons, which absorb gravitational radiation from the orbit during their inspiral
in a binary, via a phenomenon known as tidal heating. By contrast, a compact object such as a
neutron star has minimal tidal heating – but has tidal deformation – and affects the phase evolution
of binaries containing it in a distinctly different way. Here we identify waveform parameters that
characterize the strength of tidal heating, and are zero when there is no horizon absorption. We
demonstrate how by using those parameters Bayesian methods can distinguish the presence or
absence of horizons in a binary. This is a particularly exciting prospect owing to several claims
that these stellar-mass objects, with masses heavier than those of neutron stars, may not have a
horizon but may be black hole mimickers or exotic compact objects. Perhaps more significant is
the possibility that our method can be used to test the presence or absence of horizons in mass-
gap binaries and, thereby, help detect the heaviest neutron star or the lightest black hole. A
proper accounting of tidal heating in binary waveform models will also be critical for an unbiased
measurement of characteristics of the equation of state of neutron stars in GW observations of
binaries containing them – or even to probe the existence of exotic compact objects.
Introduction.—In recent times, the discovery by LIGO
and Virgo detectors of several compact binary mergers
has ushered in the era of gravitational wave (GW) astron-
omy [1]. The LIGO-Virgo collaboration also observed the
binary neutron star merger GW170817 [2]. These obser-
vations provided a fillip to tests of GR in the strong-field
regime [3, 4]. Even the behavior of vacuum spacetimes
and the propagation of GWs have been tested rigorously,
which has resulted in stringent bounds on the mass of
the graviton and violations of Lorentz invariance [5–7].
Significantly, it has also become possible to test the na-
ture of the compact objects in binaries. The compo-
nents of these binary sources are definitely very compact,
which normally leads to the conclusion that they are ei-
ther black holes (BHs) or neutron stars (NSs). In the
case of GW170817 radius measurements were made [8]
that strongly disfavor them as black holes. A similar
claim may be posited for the other binary neutron star
claimant GW190425 [9]. However, for the other LIGO-
Virgo binaries (which are much heavier than GW170817
or GW190425) [1], it remains to be conclusively proven
that their components are indeed black holes of GR and
not, say, some exotic compact objects (ECOs) [10–12].
On the other hand, if binaries show up with measured
masses of any of the components in the mass-gap [13]
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then it poses the challenge of determining whether the
component(s) with mass(es) in the gap are neutron stars
or black holes. Either occurrence will be significant, for it
will either raise the maximum known mass of a neutron
star or lower the minimum known mass of a black hole.
These issues make it imperative that methods be devised
to discern compact objects with horizon from those with-
out.
Planck-scale modifications of black hole horizons and
modification of BH structure have been proposed in sev-
eral works as resolutions to the information-loss para-
dox [14, 15]. Other compact objects such as gravastars,
whose interior consists of self-repulsive de Sitter space-
time surrounded by an ordinary matter shell, have also
been proposed for similar reasons [16]; likewise for boson
stars, which are macroscopic objects made of scalar fields
[17]. In light of such proposals for compact objects, as al-
ternatives to black holes, it becomes necessary to devise
a strategy to tell them apart; and GWs are a new tool
that can be employed for this purpose. In this paper, we
do so by using GWs emitted during the inspiral phase of
binary coalescences to probe the nature of the compact
components.
In GR, classical black holes are perfect absorbers that
behave as dissipative systems [18–21]. This property of a
black hole can be attributed to its causal structure. The
defining feature of a BH is the presence of its horizon,
which is a null surface and a one-way membrane. Due
to the presence of the horizon, a BH in a binary absorbs
energy and angular momentum from the orbit. This phe-
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2nomenon is called tidal heating [22–24]. Energy loss via
tidal heating backreacts on the binary’s evolution, re-
sulting in a shift in the phase of the GWs emitted by the
system. Therefore, the absence of a horizon – or any kind
of change in the near horizon structure that modifies this
absorption – will leave its imprint in the phasing of GWs
emitted. A careful observation thus has the potential to
measure these differences in the GW phase.
Several tests have been proposed to probe the black-
holeness – the presence of horizon – of the compact ob-
jects in a binary. Distinguishing binary merger remnants
from black holes in the post-merger phase using echoes
has initiated rigorous modelling and search for those fea-
tures in GW data [25–27]. Measurement of tidal deforma-
bility (TD) [28, 29] and spin-induced multipole moments
[30, 31] from the late inspiral can also be used to test
black-holeness.
Absence of tidal heating (TH) is a tell-tale signature
of the absence of a horizon. Its importance in identifying
horizons of intermediate-mass and super-massive com-
pact objects has been examined for the proposed space
mission LISA [31–33]. In the current work, we study
its usefulness for stellar mass binaries – of the type ob-
servable by ground-based GW detectors like LIGO and
Virgo.
The tidal heating of a black hole or any other star can
be expressed in a similar mathematical form if the viscos-
ity coefficient (η) of a BH is identified with its mass [34].
For NS ηNS ∼ 104
(
ρ
1014gm−cm−3
)5/4 (
108K
T
)2
cm2s−1,
and for a BH ηBH ∼ 8.6 × 1014
(
M
M
)
cm2s−1. Since
the correction in GW phase due to TH is proportional
to η, for an NS that correction is 10 orders of magnitude
smaller than BH [34]. Also in binaries with one or both
components as NS, the GW waveform has imprint of tidal
deformability of the NS, which is finite for NS [8, 9] but
0 for BHs in GR [35, 36] (see, however, Ref. [37] for an
example of a non-GR result). That imprint can by itself
help distinguish binaries with NS from those with BHs.
However, as we show here, the presence (absence) of TH
for BH (NS) improves the ability to discriminate between
those binaries significantly.
Effect of tidal heating on binary waveforms.— Consider
a compact binary with component masses mi (i = 1, 2),
total mass m = m1 + m2, and mass-ratio q = m2/m1,
with m2 ≤ m1. Let the dimensionless component spins
be χi. Under the adiabatic approximation the orbital
evolution of the binary can be quantified in the post-
Newtonian formalism with reasonable accuracy, espe-
cially, when it is far from merger [38]. In this case the dy-
namics of the system is governed by energy and angular
momentum loss from the orbit. Usually this dynamics
has a contribution arising from taking the components
as point particles (PP) and another one originating from
their finite size. The latter contribution can be decom-
posed into two main ingredients (i) tidal deformation of
each component due to the gravitational field of the other
and (ii) the amount of energy absorbed by individual
components from the orbit, namely, tidal heating. The
dynamics of the system and, therefore, the emitted GW
depends on all of these contributions. Hence, the Fourier
transformed GW waveform can be written as
h˜(f) = A(f)ei(ΨPP+ΨTD+ΨTH) , (1)
where f is the instantaneous GW frequency and A(f)
is the frequency-dependent amplitude. The phase terms
– ΨPP,ΨTD and ΨTH – are the contributions to the to-
tal phase arising from the point-particle approximation,
tidal deformability and tidal heating, respectively.
The presence or absence of a horizon can be tested
by measuring the values of the tidal heating and tidal
deformability terms in a binary’s phase. In the current
work we show how the tidal heating term can be used for
this purpose.
As per current knowledge GW absorption is negligi-
ble for all matter [34]. Therefore, it is reasonable to use
evidence for tidal heating, in binary GW waveforms, to
discern the existence of horizons [31, 32]. Guided by this
expectation, we have already intriduced the horizon pa-
rameter H for extreme mass-ratio inspirals that LISA
may observe [31]. In the current work we extend it to
binaries with similarly massive components primarily to
target the population of stellar-mass binaries being de-
tected by LIGO and Virgo.
For a near-equal-mass binary we define horizon param-
eters for each component, (H1, H2), such that the value
of Hi is 1 (0) when the ith component has a horizon
present (absent). In the case of circular orbits, the flux
of energy at the horizon can be expressed as a PN expan-
sion [20, 21, 39–43]. Since tidal heating is the signature
of the presence of a horizon, we multiply the energy flux
absorbed by each component with the corresponding Hi.
In the case of partial absorption, one has 0 < Hi < 1.
Therefore, the absorbed flux can now be written as
−dE
dt
=
32
5
ν2
v15
4
2∑
i=1
Hi
(mi
m
)3 (
1 + 3χ2i
){−(LˆN .Sˆi)χi
+2
[
1 +
(
1− χ2i
)1/2] mi
m
v3
}
,
(2)
where ν = m1m2/m
2 is the symmetrized mass-ratio, and
Sˆi and LˆN are the unit vectors along the directions of
the ith spin and the orbital angular momentum, respec-
tively. We add this contribution to the PP flux in the
TaylorF2 (TF2) approximation [44, 45] in order to cal-
culate the phase shift. That phase term is then added
to the TaylorF2 GW waveform. We will call this result-
ing waveform HeatedTaylorF2 (HTF2) to distinguish it
from TF2. We treat the Hi as independent parameters
whose values can be estimated from observations, thus,
revealing the presence or absence of component horizons.
New waveform parameters characterizing tidal
heating.— The horizon parameters H1 and H2 appear in
the flux, and the GW phase, in terms that also include
mass and spin factors. This makes them degenerate with
3those parameters, in that it is more practical to measure
the following effective observables instead of H1,2:
Heff5 ≡
2∑
i=1
Hi
(mi
m
)3 (
Lˆ.Sˆi
)
χi
(
3χ2i + 1
)
, (3a)
Heff8 ≡ 4piHeff5 +
2∑
i=1
Hi
(mi
m
)4 (
3χ2i + 1
)
×
(√
1− χ2i + 1
)
. (3b)
These are analogous to the effective spin parameter χeff
that was introduced [46–48] to characterize spinning com-
pact binary waveforms: While the spins of the individual
binary components are themselves difficult to measure
(like H1,2 here), their combined impact on the waveform
phase, captured by χeff , lends itself to more precise mea-
surements. Dependence of Heff5 and Heff8 on the spins
of the components is shown in Figs. 1 and 2, respectively.
Note that if the system is a binary black hole (BBH),
as long as any one of the component spins is finite both
Heff5 and Heff8 will be non-zero. By contrast, for the
same spins a horizonless binary would have both Heff5
and Heff8 vanish. Therefore, it is easiest to discern be-
tween the presence and absence of horizons in binaries
that have at least one component with a sufficiently large
spin.
On the other hand, when both component spins of a
BBH tend to zero, one has Heff5 tending to zero but
Heff8 non-zero; see the insets in Figs. 1 and 2.
Therefore, in the low-spin limit Heff8 emerges as a dis-
criminator for the presence or absence of horizons. Here
the measurement is helped for small mass-ratio (q), which
ensures large Heff8.
FIG. 1. Heff5 is plotted for a range of χeff values and for all
possible values of m2/m.
It is important to note that our choice of waveforms,
based on the stationary-phase approximation (SPA), is
for illustrative purpose, essentially as a proof of principle
that the method proposed here is promising for identify-
ing CBCs with horizons from those without. For making
FIG. 2. Analogous to Fig. 1, but here for the parameter
Heff8.
such classification in real data, it will likely be important
to use more accurate templates, such as those based on
the EOB-NR formalism [49–51]. We will present those
results in future. Having said that, we argue that our
choice of SPA-based inspiral waveforms is a reasonable
one for illustrating the power of this method for the sys-
tems studied here.
We deduce the GW phase involving tidal heating by
using Eq. (2.7) of Ref. [52] (see [53] for the details). We
find the phase shift due to the associated horizon absorp-
tion to be
ΨTH =
3
128ν
(
1
v
)5 [
−10
9
v5Heff5 (3 log (v) + 1)
− 5
168
v7Heff5 (952ν + 995)
+
5
9
v8 (3 log (v)− 1) (−4Heff8 +Heff5ψSO)
]
,
(4)
where at the end of the expression above we have used
ψSO ≡
1
6
[(− 56ν − 73√1− 4ν + 73)(Lˆ.Sˆ1)χ1
+
(− 56ν + 73√1− 4ν + 73)(Lˆ.Sˆ2)χ2] . (5)
Note that Heff5 and Heff8 arise at different PN orders
in the phase. For the non-spinning case, even though
Heff5 = 0 one has Heff8 6= 0. The ranges of values
spanned by these two effective horizon parameters are
shown in Fig. 1 and Fig. 2, respectively.
Viability of tidal heating as a horizon discriminator.—
In this work, we show (a) how Bayesian inference can
be applied to constrain or measure the effective hori-
zon parameters Heff5 and Heff8 in data from LIGO-
like ground-based detectors, and (b) probe the presence
or absence of horizon via binary GW strain signals by
performing Bayesian model selection on the data.
To illustrate our idea imagine injecting two types of
signals in aLIGO-like noisy data of a single detector – one
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FIG. 3. Horizon injections (Heated TaylorF2): We plot the
log-Bayes factors for 100 HTF2 (BBH) signals injected indi-
vidually in simulated aLIGO data streams. All sources are
placed at 100 Mpc, and the component masses are uniformly
distributed in the range 3 − 5M. The individual spins are
also varied. Half of the injections have both component spins
aligned with the orbital angular momentum and the other half
have them anti-aligned with the same reference. Evidence of
the presence (absence) of horizon is calculated by using HTF2
(TidalTF2) waveforms as templates. The true hypothesis is
taken to be HTF2 (BBH). This plot shows that all the injec-
tions are being identified correctly (with a minimum log-Bayes
factor of 2.0).
for a BBH and another for a BNS, where both binaries
have the same component masses (and, say, no spin –
since large spin itself can help discriminate between NS
and BH). A Bayesian way [54–56] to test if these two
systems can be distinguished from each other is to do the
following two experiments: (1) For the BBH injection, we
first compute the evidence p(H1,2 = 1, Λ1,2 = 0 | BBH)
that it has a horizon by cross-correlating it with BBH
waveforms (which by definition have H1,2 = 1). We next
compute the evidence p(H1,2 = 0, Λ1,2 6= 0 | BBH) that
it lacks a horizon but has NS-like tidal deformability by
cross-correlating it with BNS waveforms. The ratio of
the former evidence to the latter is what is defined as the
Bayes factor (BF). For large values of the log of this factor
(typically around 2 or more), the probability is taken to
be very high that the data supports the hypothesis that
the signal in it is that of a BBH.
The second experiment is the same as above but with
a BNS signal injection replacing the BBH one. We will
present results for that experiment elsewhere.
Simulation and Results.—For the model selection test
we simulated a population of 100 binaries. The binary
components spins aligned or anti-aligned with the or-
bital angular momentum. Each component has mass
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FIG. 4. Distribution of the log-Bayes factor values for the
signals shown in Fig. 3.
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FIG. 5. Distribution of log-Bayes factors estimated from
a population 100 BBHs, each injected in simulated Gaussian
data streams with aLIGO-ZDHP noise. Here, all the injec-
tions are randomly oriented and uniformly distributed be-
tween 100 to 250 Mpc in comoving volume. As in Fig. 4, here
too the log-Bayes factor is discriminating between the HTF2
model (true hypothesis) and the TidalTF2 model.
∈ [3−5]M and dimensionless-spin magnitude ∈ [0, 0.75].
For model selection we constructed two families of tem-
plates, namely: (a) TaylorF2 (TF2), modified with tidal
deformability contribution (TidalTF2) for representing
horizonless components with nonzero tidal deformability.
Here, the GW phase is devoid of any contribution from
5Heff5 or Heff8; (b) HeatedTaylorF2 (HTF2), which is
TF2 but with additional phase terms arising from tidal
heating, as described in Eq. (4).
Using the aforementioned waveform models we per-
formed simulated signal injection studies in simulated
aLIGO zero-detuned high-power (ZDHP) noise power-
spectral density [57]. In one study the source is taken to
be CBCs of black hole components. Hence, the injected
waveform used is HTF2. We then used a Bayesian analy-
sis to measure the parameters of these sources with both
TidalTF2 and HTF2 templates (see the appendices), and
compared their evidences for the same (horizon) injec-
tions in order to test if such an analysis has the power
to identify the true signal model. The results for all the
sources located at 100Mpc are shown in Fig. 3. The low-
est value for the log-Bayes factor, logBF , is ∼ 2.0, which
shows that for this choice of the binaries and detector sen-
sitivity, the analysis is able to classify the source type as
black holes correctly.
In a second study we distributed BBH sources uni-
formly in comoving volume with luminosity distance in
the range ∈ [100, 250] Mpc. As shown in Fig. 5, here the
log-Bayes factor got spread to lower values compared to
the first study, with about 20% of the sources not dis-
tinguishable from horizonless binaries. These are mostly
the ones injected beyond 200 Mpc.
It is important to note that even though a BH can have
very high spin, with χ ∼ 1, a NS can not. Pulsar observa-
tions indicate that while the fastest-spinning neutron star
has an observed χ ≤ 0.4 [58], the fastest-spinning BNSs
that will merge within a Hubble time, namely, PSR J0737
3039A [59] and PSR J1946+2052 [60], will have at most
χ ∼ 0.04 − 0.05 when they merge. Therefore, from the
measurement of the spins it is possible to get an indica-
tion about the nature of the components. However, this
property is a useful discriminator mainly for high-spin
objects. Our tidal-heating based method works well for
both high- and low-spin objects, as can be seen in Fig. 3.
There are instances in the literature where complete
NSBH waveforms have been constructed by using numer-
ical relativity (NR) simulations of BBH mergers [61–66].
Since the NR BBH part of these waveforms would have
tidal heating in them, extrapolating them to earlier inspi-
ral part of the waveform may contain imprints of it. This
can result in incorrect estimates of the tidal deformabil-
ity parameter and, therefore, the equation of state, of
the NS. A similar problem may occur in BNS waveforms
as well where NR BBH waveforms have been used as a
reference but cancellation of the tidal heating part from
the complete waveform has not been carried out prop-
erly. These issues will be investigated in the future and
errors corrected for wherever required.
Summary.—We have developed a method to search for
and characterize tidal heating from the inspiral phase of
a binary. We have defined two new parameters that cap-
ture the effect of tidal heating in the inspiral waveform.
These parameters are robust enough that even partial
absorption can be modeled with them – something we
will pursue in detail in future. To test the presence of
horizon we performed model selection using the Bayes
factor. We constructed two sets of waveforms, one for bi-
nary black holes, which incorporates tidal heating but no
tidal deformability, and the other for binaries of horizon-
less compact objects, which does not include tidal heat-
ing but has nonzero tidal deformability. Using these two
types of waveforms, we showed that it will be possible to
distinguish between such stellar-mass binaries in aLIGO-
like detectors in most cases considered here. These re-
sults are interesting since they make it feasible to test the
presence of the horizon using the data from LIGO-Virgo
observations and can also possibly be utilized to identify
the nature of compact objects that show up in the mass
gap [67, 68].
An immediate continuation of the current work will
be to construct better waveform models than TidalTF2
and HTF2 that can be used for parameter estimation
and model selection of real signals in contemporaneous
GW detector data. Another problem we plan to address
is the challenge posed by mixed binaries (NSBH) in dis-
cerning the presence of horizons. Thirdly, future gener-
ation detectors may allow enough precision so that not
only horizon parameter values of 0 and 1 can be discrimi-
nated but putative intermediate values may also be mea-
surable, thereby, affording the possibility of probing the
existence of exotic compact objects, such as gravastars,
boson stars, etc. [33, 69].
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Appendix A: Bayes factors for horizon
discrimination
In GW data analysis, the detector strain data d(t) can
be modeled as d(t) = n(t) + h(t, θ), where n(t) and h(t)
denote detector’s noise and the possible GW signal with
parameters θ, respectively. Given the detector data d(t)
with GW signal h(t, θ) described by a modelH, the likeli-
hood for the data under the assumption of Gaussian and
6stationary noise can be written as follows [70]:
P (d|θ,H, I) ∝ exp
[
−1
2
〈d− h(θ)|d− h(θ)〉
]
. (A1)
The angular bracket in Eq. (A1) defines a noise-weighted
inner product between two real time-series a(t), b(t), and
is given as
〈a, b〉 = <
∫ ∞
0
df
a˜∗(f)b˜(f)
Sn(f)
, (A2)
where Sn(f) is the one-sided power spectral density
(PSD) of the detector noise. Using the inner product,
one can also define the signal-to-noise ratio (SNR) ρ for
the template h(t, θ) as
ρ =
〈d|h〉
σ
, (A3)
where σ =
√〈h|h〉 is the template normalization. For N
GW detectors, we can define the network SNR ρnetwork
as
ρnetwork =
√√√√ N∑
i
ρ2i , (A4)
where ρi denotes SNR in the ith detector.
We will assume that non-colocated detectors on the
globe have uncorrelated noise; hence, the combined like-
lihood is
P (d|θ,H, I) =
N∏
i
P (di|θ,H, I) , (A5)
where d ∈ {d1, d2, · · · , dN} represents combined data
from all N detectors. Using the coherent network likeli-
hood function, posterior probability density can be writ-
ten as
P (θ|d,H) = P (dθ,H, I)P (θ|H)
P (d|H) , (A6)
where P (θ|H) is the prior probability density function or
prior of the parameters θ. In the denominator, P (d|H)
is the marginalized posterior probability density over all
parameters θ, and is also known as the evidence for the
modelH. The evidence P (d|H) serves as a normalization
constant of the posterior probability for H. The evidence
computed for two competing models or hypotheses can
be used to determine which one is favored by the data. In
this work, we compute Bayes factors for simulated signals
to compare two hypotheses, namely,
1. The horizon hypothesis Hh: Signal carries an im-
print of horizon absorption,
2. The no-horizon hypothesis Hnh: Signal has no im-
print of horizon absorption.
FIG. 6. These parameter estimation corner plots show that
the measurement of the new parameters introduced here,
Heff5 and Heff8, will add little bias in the estimation of
standard intrinsic parameters of compact binaries. The hori-
zon parameters along with the other intrinsic parameters can
be recovered from GW data using the HTF2 signal model.
The precision of the measurement of the HTF2 model can
be seen from a probability-probability (P-P) plot of the esti-
mated parameters, such as the one shown in Fig. 7 for a set
of injections.
In Bayesian model selection, we compute the Bayes
factor,
BF =
P (d|Hh)
P (d|Hnh) . (A7)
If the Bayes factor is greater than some preset threshold,
i.e., BF > BFTh then the hypothesis Hh is preferred over
the other hypothesis Hnh in the data. Moreover, we use
the dynamical nested sampling [71], as implemented in
the Bilby package [72], to computed the posterior prob-
ability density for our simulated signals.
The posteriors of the horizon parameters are shown
in Fig. 6. For computing them we limit the signal inte-
gration above to a frequency range (20, fISCO)Hz, where
fISCO is the instantaneous GW frequency at the inner-
most stable circular orbit (ISCO) of the binary [73, 74].
In practice, it may be possible to begin the signal integra-
tion at a frequency as low as 10Hz, which is what aLIGO
design targets. Similarly, when waveform modeling is
available to accurately incorporate tidal heating beyond
the ISCO, the upper frequency cut-off will also be raised.
Both these changes will improve parameter estimation as
well as Bayes-factor based model discrimination.
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FIG. 7. Inaccuracies in waveform models and detector noise
can lead to offsets in the inferences about the source parame-
ters. The P-P plot in this figure quantifies performance of our
parameter estimation, that shows the correct parameter val-
ues of P% sources from a population recovered with P% con-
fidence interval (C. I.). Ideally, a parameter should follow a
one-to-one relation between fraction of sources and confidence
interval, though fluctuations in the relation is expected. We
injected 100 BBH signals in simulated Gaussian noise with
aLIGO-ZDHP noise to generate this figure. The dark-, dim-
and light-grey regions, respectively, denote the 1σ, 2σ and 3σ
deviations from the theoretical expected diagonal line. The
deviation P-P plot from the one-to-one behavior for a pa-
rameter is quantified by the p-value (displayed in brackets in
the figure legend), obtained by employing the Kolmogorov-
Smirnov test. The individual p-values are combined using the
Fisher method to yield the combined p-value of 0.0825, which
indicates that the analysis worked satisfactorily.
Appendix B: Priors
The distributions and ranges of parameter priors of the
simulated binary waveforms used in our Bayesian model
selection studies are listed in Table I.
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